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THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR AND THE COMBUSTION 
PRODUCTS OF NATURAL GAS AND OF ASTM-A-1 FUEL WITH AIR 
by David J. Poferl, Roger A. Svehla, and Kenneth  Lewandowski 
Lewis Research Center  
SUMMARY 
The ratio of specific heats, molecular weight, viscosity, specific heat at constant 
pressure,  thermal conductivity, and Prandtl number were calculated for air, the com- 
bustion products of natural gas and air, and the combustion products of ASTM-A-1 jet  
fuel and air. 
5 5 f rom 300 to 2500 K and for pressures  of 3 and 10 atmospheres (3.04X10 and 10.13X10 
N/m ). 
f rom zero to stoichiometric. Adiabatic combustion temperatures over the same range 
of pressure and fuel-air ratios were also determined for natural gas and ASTM-A-1. 
bustion products of a (CH2)n type hydrocarbon jet  fuel at the stoichiometric fuel-air 
ratio were compared with data from an independent experimental investigation. 
maximum difference between experimental and theoretical Prandtl numbers and thermal 
conductivities was  less  than 5 percent. 
The properties were analytically determined over a temperature range 
2 The data fo r  natural gas and ASTM-A-1 were calculated for  fuel-air ratios 
Theoretical values of Prandtl number and thermal conductivity for air and the com- 
The 
I NTROD U CT I ON 
An analytical investigation w a s  conducted to determine the thermodynamic and 
transport properties for  air, the combustion products of natural gas and air, and the 
combustion products of ASTM-A-1 jet  fuel and air at the pressures  and temperatures en- 
countered in NASA jet  engine turbine-cooling studies. Values of these properties w e r e  
not available in the literature over the full range of interest (e. g., see  ref. 1). Accu- 
rate values are required when basic heat-transfer correlations are being developed to 
improve the reliability of predicting turbine blade and vane local temperatures. 
The properties determined analytically were the ratio of specific heats y, molecu- 
lar weight m, viscosity y, specific heat at constant pressure c thermal conductivity 
k, and Prandtl number Pr. Adiabatic combustion temperatures were also determined 
P’ 
by assuming an initial fuel and air temperature of 298 K. The calculations were made 
for  (1) air, (2) natural gas burned in air, and (3) ASTM-A-1 jet fuel burned in air. All 
properties were calculated fo r  temperatures f rom 300 to 2500 K at pressures  of 3 and 
10 atmospheres (3 .04~10 and 10.13X10 N/m ). The properties for the combustion 
products of both natural gas and ASTM-A-1 were determined for  fuel-air ratios up to 
stoichiometric. 
An independent experimental investigation of the Prandtl  number and thermal con- 
ductivity for hydrocarbon combustion products over a limited temperature range was 
recently completed at the University of Minnesota under a NASA contract. The experi- 
mental techniques and resul ts  a r e  described in  detail in reference 2. Where applicable, 
comparisons are made herein to demonstrate the correlation of the theoretical and ex- 
perimental data. 
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SYMBOLS 
specific heat at constant pressure,  cal/(g)(K); J/(g)(K) 
P 
C 
F/A fuel-air ratio 
AH: 
k thermal conductivity, cal/(cm)(sec)(K); J/(cm)(sec)(K) 
heat of combustion at 298 K, cal/g; J/g 
m molecular weight 
P pressure,  atm; N/m 
Pr Prandtl number 
T temperature, OR, K 
Y ratio of specific heats 






THERMODYNAMIC AND TRANSPORT PROPERTY CALCULATIONS PROGRAM 
The program used to calculate the thermodynamic and transport properties is de- 
It is a program which combines the thermodynamic chemical scribed in reference 3 .  
2 
equilibrium calculations program (refs .  4 and 5) with a program which calculates the 
transport properties. Transport cross-section data used in the calculations for  species 
- involving the elements hydrogen, oxygen, and nitrogen were obtained from references 3 
L and 6, and for species involving carbon and argon were obtained from reference 7. The 
=- only change in the program was that rotational relaxation effects were included in the #g$” 
calculation of the thermal conductivity ( ref .  8). The rotational collision numbers used 
in the calculations a r e  given (in parentheses) as follows: methane CH4 (9), carbon di- 
oxide C02 (2.4), hydroqen H2 (250), water H 2 0  (2), nitrogen N2(7), and oxygen O2 
(12). The collision numbers were assumed to be independent of temperature. Fo r  the 
other species, the Eucken approximation w a s  used. 
The program was used to determine the combustion temperature of both natural gas 
5 5 and ASTM-A-1 with air at pressures  of 3 and 10 atmospheres (3 .04~10  and 10 .13~10  
2 N/m ), and also the thermodynamic and transport properties at these two pressures  and 
temperatures f rom 300 to 2500 K. The compositions assumed for air, natural gas, and 
- ASTM-A-1 a r e  given in appendix A. 
THERMODYNAMIC AND TRANSPORT PROPERTY CALCULATIONS 
Calculations of thermodynamic and transport properties w e r e  made for  air, natural 
gas burned in air, and ASTM-A-1 burned in air at temperatures from 300 to 2500 K and 
pressures  of 3 and 10 atmospheres (3.04X10 and 10.13XlO N/m ). The results of 
these calculations a r e  presented in tables I to VI1 and in figures 1 to 27. 
air a r e  shown in the figures as the curves for  a fuel-air ratio, F/A, of zero. 
air ratios greater than zero, the lowest temperature for  which data are plotted in fig- 
ures  1 to 23 corresponds to the point at which water condenses from the combustion 
products. 
The thermodynamic and transport properties y ,  m, p ,  cp, k, and Pr  of air at a 
pressure of 3 atmospheres (3.04X10 N/m ) a r e  given in table I and a r e  shown graphi- 
cally in figures 1 to 6 and 13 to 18 as the data for  a fuel-air ratio of zero. The other 
F/A data in these figures are discussed in the next two sections. The analytical data 
show that the ratio of specific heats decreases with increasing temperature whereas the 
viscosity, specific heat at constant pressure,  and thermal conductivity increase with in- 
creasing temperature. The molecular weight remains constant until dissociation effects 
become apparent at approximately 2000 K. 
until a temperature of approximately 800 K is reached and decreases thereafter. 
in  figures 7 to 11 and 19 to 23. 
viscosity of air at 3 and 10 atmospheres (3 .04~10 and 10.13X10 N/m ) is negligible 
over the entire temperature range investigated, figure 3 is applicable to both pressure  
5 5 2 
The data for  
Fo r  fuel- 
5 2 
The Prandtl number is essentially constant 
5 2 The properties of air at 10 atmospheres (10.13XlO N/m ) are shown in table I1 and 
Since the calculations indicate that the difference in  the 
5 5 2 
3 
levels fo r  air. 
N/m ) has essentially no effect on the other thermodynamic and transport properties of 
air at temperatures below approximately 2000 K. Above 2000 K, y, m, and Pr in- 
c rease  with an increase in pressure,  whereas c and k decrease at higher pressure.  
The greatest  effect of pressure  is in the c k, and Pr data. 




Combust ion Products of Natura l  Gas and A i r  
The adiabatic combustion temperatures for  natural gas and air as a function of F/A 
are shown in table I11 and in the upper curves of figure 12. The initial temperature of 
the reactants was assumed to be 298 K. Pressure  has no effect on the combustion tem- 
perature for  fuel-air ratios below 0.04. For fuel-air ratios greater  than 0.04, a slight 
increase in combustion temperature occurs with pressure.  The highest combustion tem- 
peratures of 2242 and 2262 K a r e  attained at the stoichiometric F/A for  pressures  of 
3 and 10 atmospheres ( 3 . 0 4 ~ 1 0 ~  and 10.13x10 5 N/m 2 ), respectively. 
The effect of F/A on the thermodynamic and transport properties at 3 atmospheres 
5 2 (3 .04~10  N/m ) is shown in table IV and in figures 1 to 6. The properties were calcu- 
lated for  fuel-air ratios from zero (air) to stoichiometric and for  temperatures from 
300 to 2500 K. The ratio of specific heats, molecular weight, and viscosity decrease 
with increasing F/A, while the specific heat at constant pressure  and thermal conduc- 
tivity show the opposite trend. For temperatures lower than approximately 1400 K, the 
Prandtl number increases with increasing F/A, whereas above 1400 K the effect is re- 
versed. 
and in figures 7 to 11. Over the range of F/A investigated, the effect of pressure on 
the properties of the combustion products of natural gas and air is essentially the same 
as that described for  air, with pressure having a negligible effect until the temperature 
exceeds approximately 1700 K. As was the case for  air, the viscosity is essentially in- 
dependent of pressure,  and, thus, figure 3 can be  used for  the viscosity data at 3 and 
5 2 10 atmospheres ( 3 . 0 4 ~ 1 0 ~  and 10.13~10 N/m ). 
The corresponding data at 10 atmospheres (10.13X10 5 N/m 2 ) a r e  given in table V 
Combustion Products of ASTM-A-1 and Air 
Table III and the lower curves in figure 12 illustrate the effect of F/A on the adia- 
batic combustion temperature of ASTM-A-1 for  fuel-air ratios from zero to stoichio- 
metric and pressures  of 3 and 10 atmospheres (3.04X10 and 10 .13~10  N/m ). The 
combustion temperatures for ASTM-A-1 are lower than those fo r  natural gas at a given 
5 5 2 
I 
4 
F/A with a maximum difference of 87 K at F/A = 0.04. The effect of pressure on the 
adiabatic combustion temperature is similar  to that discussed for  natural gas with maxi- 
mum combustion temperatures of 2307 and 2333 K at 3 and 10 atmospheres (3.04X10 
and 10.13X10 N/m ), respectively. 
A-1 at 3 atmospheres (3 .04~10 N/m ) are given in table VI and in  figures 13 to  18. The 
variation of property data with F/A and temperature is similar to that discussed for  
natural gas with the exception of molecular weight. That is, the ratio of specific heats 
and viscosity decrease with increasing fuel-air ratio, whereas the specific heat at con- 
stant pressure and thermal conductivity increase with increasing fuel-air ratio. How- 
ever, at temperatures below approximately 1700 K, the molecular weight is essentially 
independent of fuel-air ratio over the range of fuel-air ratios investigated. Above 
1700 K, the molecular weight decreases with increasing fuel-air ratio. The Prandtl  
number increases with increasing fuel-air ratio below about 1700 K. At temperatures 
greater  than 1700 K, the opposite trend is shown except at the stoichiometric fuel-air 
ratio above 2200 K. 
Similar data for  the properties at 10 atmospheres (10.13XlO N/m ) a r e  given in 
table VI1 and in figures 19 to 23. The viscosity is essentially independent of pressure 
over the temperature range investigated, and figure 15 is therefore applicable to 10 at- 
mospheres (10.13~10 N/m ), also. All property variations with pressure are similar 
to that discussed previously for  air and the combustion products of natural gas and air, 








COMPARISON OF EXPERIMENTAL AND THEORETICAL DATA 
An independent experimental determination of the Prandtl number and the thermal 
conductivity of air and the combustion products of a simulated hydrocarbon fuel with air 
was made at the University of Minnesota subsequent to the completion of the theoretical 
study just described. The experimental investigation was conducted under NASA con- 
t ract  and is summarized in appendix B and described in detail in reference 2 .  
The values for  experimental and theoretical Prandtl numbers for  air at tempera- 
tures  f rom approximately 800 to 1400 K are shown in figure 24. 
are lower than the NASA theoretical data over the entire temperature range of the ex- 
perimental investigation. The agreement between experimental and theoretical data is 
fairly good, with a maximum difference of about 5 percent. Although the experimental 
data were obtained at 1 atmosphere ( l .Olxl0 N/m ), whereas the theoretical data were 
calculated for  3 atmospheres (3 .04~10 N/m ), the results are comparable since the 
data presented in tables VI and VII and in  figures 18 and 23 indicate no pressure effect 




on Prandtl number in the temperature range in which the comparison was made. 
sented in figure 25. The agreement between experimental and theoretical thermal con- 
ductivities is s imilar  to the agreement in Prandtl  number data. The experimental ther- 
mal  conductivity data fall above the theoretical curve in  all cases,  with a maximum dif- 
ference of approximately 5 percent as expected since the experimental thermal conduc- 
tivities were calculated from the experimental values of Prandtl  number. 
The experimental and theoretical Prandtl number data fo r  combustion products of 
a hydrocarbon fuel with a hydrogen- to carbon-atom ratio of 2 ((CH2)n) and air fo r  a 
fuel-air ratio of 0.068 are shown in figure 26. The experimental and theoretical data 
agree  within 2.5 percent. Although the simulated fuel was assumed to have a hydrogen- 
to  carbon-atom ratio of 2, whereas ASTM-A-1 has a hydrogen- to  carbon-atom ratio of 
1.918, the theoretical data for  the Prandtl number of the combustion products of natural 
gas and air and of ASTM-A-1 and air show a negligible difference in the theoretical 
Prandtl number between ASTM-A-1 and a hydrocarbon fuel with a hydrogen- to carbon- 
atom ratio of 2. The theoretical data were calculated at a pressure  of 3 atmospheres 
5 2 (3.04X10 N/m ) whereas the experimental values were determined at 1 atmosphere 
5 2 (l.OlXl0 N/m ). However, the pressure  effect on theoretical Prandtl  number is neg- 
ligible. Thus, the comparison of the theoretical Prandtl  number data of ASTM-A-1 a t  
3 atmospheres ( 3 . 0 4 ~ 1 0  N/m ) with the experimental data is justified. 
u r e  27. The correlation of the experimental and theoretical data is good, with all the 
experimental data falling within 4 percent of the theoretical data. 
thermal conductivities a r e  somewhat larger  than the theoretical data because the vis- 
cosity values used in reference 2 are higher than those calculated with the NASA thermo- 
dynamic properties program. 
The experimental and theoretical data for  the thermal conductivity of air are pre- 
5 2 
A comparison of experimental and theoretical thermal conductivity is shown in fig- 
The experimental 
CONCLUDING REMARKS 
The ratio of specific heats, molecular weight, viscosity, specific heat at constant 
pressure,  thermal conductivity, and Prandtl number were analytically determined for  
air, the combustion products of natural gas and air, and the combustion products of 
ASTM-A-1 and air. These properties were calculated for  temperatures from 300 to 
2500 K and pressures  of 3 and 10 atmospheres (3.04X10 and 10.13X10 N/m ). The 
data for natural gas and ASTM-A-1 were determined for  fuel-air ratios from zero to 
stoichiometric. Adiabatic combustion temperatures of natural gas burned in air and 
ASTM-A-1 burned in air were also calculated over this range of fuel-air ratios. 
The theoretical data presented herein are for  the combustion products of the fuels 
defined in  appendix A. However, it is estimated that the difference between calculated 
5 5 2 
6 
thermodynamic and transport properties of the combustion products of natural gas and 
the properties of any nominal natural gas composition burned in air will be less than 
3 percent. Likewise, e r r o r s  of less than 3 percent will be introduced if the thermo- 
dynamic and transport properties of the combustion products of ASTM-A-1 a r e  used for  
the properties of the combustion products of any of the typical JP fuels. 
The effect of pressure  on the theoretical properties is negligible for temperatures 
less than 1700 K since the amount of dissociation of the reaction products does not be- 
come a significant factor until the temperature exceeds 1700 K. Even for temperatures 
exceeding 1700 K, the viscosity was not affected over the pressure range investigated. 
Of the remaining properties investigated, the specific heat at constant pressure,  ther- 
mal  conductivity, and Prandtl number were the most sensitive to pressure.  
The comparison of experimental and theoretical data for  the Prandtl number and 
thermal conductivity for  air and for  the combustion products of a (CH2)n type hydro- 
carbon fuel at the stoichiometric fuel-air ratio showed good agreement over the limited 
temperature range of the experimental investigation conducted at the University of 
Minnesota. The maximum difference between experimental and theoretical Prandtl  
numbers and thermal conductivities w a s  less  than 5 percent. 
Lewis Research Center, 
National Aeronautics and Space Administration, 




COMPOSITIONS OF AIR, NATURAL GAS, AND ASTM-A-1 
The following data define the compositions that were assumed for  air, natural gas, 
The composition of air is given by the following formula: 
and ASTM-A-1 jet fuel. 
'0. 00030N1. 56176'0. 4195gAr0. 00932 



















ASTM-A-1 jet  fuel has the composition CH1. 9184 and at 298 K has a heat of com- 
bustion AH: of -10 333 calories per  gram ( -43 200 J/g). 
8 
APPENDIX B 
EXPERIMENTAL MEASUREMENT OF PRANDTL NUMBER 
AND THERMAL CONDUCTIVITY 
An experimental investigation of Prandtl number and thermal conductivity was con- 
ducted by the University of Minnesota for  a simulated hydrocarbon fuel assumed to have 
a hydrogen- to carbon-atom ratio of 2. The Prandtl  number and thermal conductivity 
were determined for  temperatures f rom approximately 800 to 1340 K at a pressure  of 
1 atmosphere (1. 01X105 N/m 2 ). 
The experimental procedure was based on the fact that the recovery factor for  a 
End effects were eliminated by using a cylinder with its axis 
flat plate is equal to the square root of the Prandtl number for  laminar boundary layer 
flows at high velocity. 
parallel to the direction of flow to simulate the conditions on a flat plate. 
temperature of the cylinder was conveniently measured by using a differential thermo- 
couple as the cylinder. 
dioxide, water vapor, nitrogen, and air in the required proportions to simulate the re-  
action products. The gaseous mixture was heated to the required test  temperature in a 
heat exchanger and then accelerated through a nozzle to develop the high velocity flow 
required for  application of the aforementioned relation between recovery factor and 
Prandtl number. 
the difference between total  temperature and recovery temperature was read directly. 
This temperature difference and a measurement of total temperature and static- to 
total-pressure ratio a r e  sufficient to calculate Prandtl number: 
The recovery 
The combustion products were synthesized by mixing carbon 
The junctions of the differential thermocouple were positioned s o  that 
(eq. (7) of ref. 2). The thermal conductivity w a s  derived in the following manner. The 
specific heat at constant pressure was analytically determined by using a weighted aver- 
age of specific heats for  the individual components of the combustion products. The vis- 
cosity of the reaction mixture was calculated by the method of Chapman and Cowling, as 
described in  reference 9.  The thermal conductivity was then calculated from the experi- 
mental value of the Prandtl  number. 
9 
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TABLE I. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR 
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TABLE E. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF AIR 




















































































































































































































TABLE III. - ADIABATIC COMBUSTION TEMPERATURES OF NATURAL GAS AND OF ASTM-A-1 
BURNED IN AIR AT 3 AND 10 ATMOSPHERES ( 3 . 0 4 ~ 1 0 ~  AND 1 0 . 1 3 ~ 1 0 ~  N/m2) 
Fuel 
Jatural gas 
Pressure,  P 
N/m2 































‘Initial fuel and air temperatures were assumed to be 298 K. 
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2 . 5 ~ 1 0 - ~  0.709 
1.3888 28.757 2.22 .2469 1.033 .77 3.2 .712 
1.3796 2.62 .2512 1.051 .93  3.9 .710 
1.3687 2.98 .2566 1.074 1.08 4.52 .109 
1.3573 3.30 .2625 1.098 1.22 5.10 .108 
1.3463 3.61 .2687 1.124 1.37 5.73 .708 
1.3364 3.89 .2745 1.149 1.51 6.32 ,707 
1.3280 4.16 .2798 1.171 1.65 6.90 .107 
1.3210 4.42 .2844 1.190 1.78 7.45 .106 
1.3145 4.67 .2888 1.208 1 .91  7.99 .705 
1.3084 4.92 .2932 1.227 2.05 8.58 ,705 
1.3024 5.15 .2976 1.245 2.18 9.12 .704 
1.2966 5.39 ,3021 1.264 2.31 9.67 .103 
1.2908 V 5.61 .3069 1.284 2.45 10.3 .102 
1.2849 28.756 5.84 .3120 1.305 2.60 10.9 .101 
1.2787 28.755 6.06 .3177 1.329 2.75 11.5 ,699 
1.2722 28.752 6.28 .3242 1.356 2.92 12.2 .697 
1.2652 28.748 6.49 .3320 1.389 3 .11  13.0 .693 
1.2575 28.741 6.71 .3416 1.429 3.33 13.9 .688 
1.2490 28.730 6.93 .3537 1.480 3.60 15 .1  ,680 
1.2396 28.713 7.14 ,3692 1.545 3.95 16.5 .668 
1.2295 28.687 7.35 .3892 1.628 4.39 18.4 .652 
0.0100 1.2287 29.410 1 . 7 6 ~ l O - ~  0.2414 1.010 0 . 6 0 ~ 1 0 - ~  
V 1.2187 28.648 7.56 .4147 1.735 4.97 20.8 .631 
0.0200 1.2158 30.213 1 . 7 5 ~ 1 0 - ~  0.2411 1.009 0 . 6 0 ~ 1 0 - ~  2 . 5 ~ 1 0 - ~  0.709 
1.3828 28.554 2.19 .2514 1.052 .77 3 .2  .119 
1.3731 2.59 .2561 1.072 .93  3.9 .115 
1.3620 2.95 .2619 1.096 1.08 4.52 .712 
1.3504 3.28 ,2682 1.122 1.24 5.19 ,711 
1.3394 3.58 .2746 1.149 1.39 5.82 ,710 
1.3295 3.87 .2808 1.175 1.53 6.40 .709 
1.3210 4.14 .2864 1.198 1.68 7.03 .708 
1.3139 4.40 .2913 1.219 1.81 7.57 .107 
1.3073 4.65 .2960 1.238 1.95 8.16 .106 
1.3012 4.90 .3007 1,258 2.09 8.74 .105 
1.2954 5.14 .3053 1.277 2. 23 9.33 .704 
1.2896 5.37 .3100 1.297 2.37 9.92 .103 
1.2781 28.553 5.82 .3203 1.340 2.66 11.1 .100 
1.2720 28.551 6.05 .3263 1.365 2.83 11. 8 .698 
1.2655 28,548 6.27 .3334 1.395 3.01 12.6 .695 
1.2583 28.543 6.48 .3421 1.431 3.21 13.4 .690 
1.2502 28.534 6.70 ,3532 1.478 3.46 14.5 ,683 
1.2411 28.520 6.92 .3676 1.538 3.78 15.8 .673 
1.2309 28.498 7.13 .3866 1.618 4.20 17.6 ,657 
1.2197 28.465 7.35 .4116 1.722 4.75 19.9 .637 
1.2081 28.416 7.56 .4441 1.858 5.49 23.0 .611 
1.2839 'I 5.60 .3149 1.318 2.51 10.5 .102 
I 
- .  
a t  300 K reflect the effect of the condensation of water f rom the combustion products. 
TABLE IV. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF NATURAL GAS BURNED IN AIR 
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TABLE V. - THERMODYNAMIC AND TRANSPORT PROPERTLES OF NATURAL GAS BURNED IN AIR 
































































































































aPropert ies  a t  300 K reflect the effect 
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Viscosity, 
P ,  
g/(cm)(sec: 
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Specific heat at 
















































































































































the condensation of water  from the combustion products. 
r/(cm)(sec)(K 
2 . 5 ~ 1 0 - ~  
3 .2  





















2 . 5 ~ 1 0 - ~  


























































































































- ._ _ _  ~ ... 
0 . 5 9 ~ 1 0 - ~  2 . 5 ~ 1 6 ~  
.76 3 .2  
0.0400 1.2290 32.165 1 . 7 3 ~ 1 0 - ~  0.2396 1.002 
1.3720 28.169 2.14 .2602 1.089 
1.3614 2.54 .2657 1.112 .93 3.9 
1.3499 2.89 .2722 1.139 1.10 4.60 
1.3382 3.22 .2792 1.168 1. 26 5.27 
1.3271 3.53 .2862 1.197 1.41 5.90 
1.3171 3.82 .2930 1.226 1 .57  6.57 
1.3085 4.09 .2993 1.252 1 .72  7.20 
1.3012 4.35 .3048 1.275 1.87 7 .82  
1.2946 4.61 ,3100 1.297 2.02 8.45 
1.2886 4.85 .3150 1.318 2. 17 9.08 
1.2830 5.10 .3198 1.338 2.31 9.67 
1.2777 28.168 5.33 .3246 1.358 2.46 10.3 
1.2726 28.168 5.56 .3295 1.379 2.61 10.9 
1.2675 28.167 5.79 .3346 1.400 2.77 11.6 
1.2623 28.166 6.02 .3403 1.424 2.93 12.3 
1.2568 28.164 6.24 .3467 1.451 3.11 13.0 
1.2508 28.159 6.46 .3546 1.484 3.31 13.8 
1.2440 28.152 6.68 .3646 1.525 3.56 14.9 
1.2362 28.140 6.90 .3777 1.580 3.86 16.2 
1.2272 28.120 7 .11  .3952 1.654 4.25 17. 8 
1.2172 28.091 7.33 .4186 1.751 4.77 20.0 




0.0600 1.1970 33.997 1 . 7 1 ~ 1 0 - ~  0.2391 1.000 0 . 5 8 ~ 1 0 - ~  2 . 4 x 1 0 - ~  
1.3624 27.807 2.09 .2687 1.124 .75 3 .1  
1.3511 2.48 .2750 1.151 .93 3.9 
1.3392 2.83 .2821 1.180 1.10 4.60 
1.3274 3.16 .2897 1 .212 1.27 5.31 
1.3163 3.47 .2974 1.244 1.44 6.02 
1.3063 3.76 .3048 1.275 1.60 6.69 
1.2976 4.03 .3116 1.304 1.76 7.36 
1.2903 4.30 .3176 1.329 1.92 8.03 
1.2839 4.56 .3232 1.352 2.08 8.70 
1.2782 4.81 .3283 1.374 2.23 9.33 
1.2732 5.05 .3331 1.394 2.38 9.96 
1.2685 5.29 .3377 1.413 2.54 10.6 
1.2641 5.52 .3423 1.432 2.69 11.3 
~ 1.2594 27.806 5.75 .3475 1.454 2.86 12.0 
1.2540 27.803 5.98 .3544 1.483 3.05 12.8 
1.2470 27.798 6.20 .3644 1.525 3.30 13.8 
1.2381 27.787 6.42 .3790 1.586 3.60 15.1 
1.2275 27.768 6.65 .3992 1.670 3.99 16.7 
1.2161 27.738 6.86 .4252 1.779 4.47 18.7 
1.2047 27.692 7.08 .4571 1.913 5.07 21.2 
1.1937 27.628 7.30 .4952 2.072 5.80 24.3 
V 
1 1.1838 27.542 7.52 .5394 2.257 6.71 28.1 
~ 

































































































[. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
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p/(cm)(sec ) 














































Specific heat a t  
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0. 5 9 x W 4  
.76 





















he condensation of water  f rom the combustion products. 
/(cm)(sec)(K 
2 . 5 ~ 1 0 - ~  
3 . 2  





















2. 5 x 1 K 4  






































































TABLE VI. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
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g/(cm)(sec 
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2.382 _-  - 




0 . 5 8 ~ 1 0 - ~  
.75 





















0 . 5 7 ~ 1 0 - ~  
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/(cm)(sec)(K 
- _  
2. 4 x 1 V 4  







































































aPropert ies  at 300 K reflect the effect of the condensation of water f rom the combustion products. 
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TABLE VI. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
Temper- Fuel-air 
ature, ratio, 
























aProperties a t  300 
AT 3 ATMOSPHERES (3. O4x1O5 N/m2) 
Ratio of Molecular 
specific weight, 
Thermal conductivity, k 
. heats, m g/(cni)(sec) 
1.2257 32.813 1 . 7 0 ~ 1 0 - ~  0.2381 0.996 0 . 5 7 ~ 1 0 - ~  2. 4x1K4 
1.3600 28.974 2.10 .2591 1.084 .74 3 . 1  
1.3478 2.49 .2658 1.112 . 9 1  3.8 
1.3354 2.84 ,2731 1.143 1.07 4.48 
1.3236 3.16 .2806 1.174 1. 23 5.15 
1.3126 3.47 , 2880  1.205 1.39 5. 82 
1.3028 3 .75  ,2951 1.235 1 . 5 5  6 .49  
1.2945 4.03 ,3015 1.261 1.70 7.11 
1.2876 4.29 ,3070 1. 284 1.85 7.74 
1.2762 28.973 4.79 ,3169 1.326 2. 14 8.95 
1.2712 28.973 5.03 ,3217 1.346 2.29 9.58 
1 .2662 28.972 5.26 ,3267 1 .367  2.44 10.2 
1.2607 28.970 5 .50  ,3327 1.392 2. G O  10.9 
1.2543 28.966 5.72 ,3406 1.425 2.78 11.6 
1. 2464 28.958 5.95 ,3514 1.470 3.01 1 2 .  6 
1.2369 28.944 6.17 .3664 1.533 3.28 13.7 
1.2257 28.921 6.39 .3872 1.620 3.63 15. 2 
1.2132 28.884 6.62 ,4149 1.736 4.09 17. 1 
1.2003 28.830 6.83 ,4509 1.887 4.69 19. 6 
1.1877 28.752 7.05 .4956 2.074 5.46 22. 8 
1.1762 28.64G 7.27 .5489 2.297 6.44 26.9 
1.1665 28.507 7.49 .6101 2.553 7.65 32.0 
1. 2816 V 4.54 ,3121 1.306 1.99 8. 33 
K reflect the effect of the cundenenliun uf watcr froiii the w n i l ~ i s t i o i i  products. 
Prandt l  
nu mhe r , 

























TABLE VII. - THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
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Specific heat at 
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aPropert ies  a t  300 K reflect the effect of the condensation of water  f rom the combustion products. 
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TABLE VII. - Continued. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
AT 10 ATMOSPHERES (10.13~10~ N/m2) 
remper- 







































































































































































Specific heat a t  
































































































Thermal  conductivity, k 
al/(cm)(sec)(K 















































































































































TABLE VII. - Concluded. THERMODYNAMIC AND TRANSPORT PROPERTIES OF ASTM-A-1 BURNED IN AIR 
AT 10 ATMOSPHERES ( I O .  13x105 N/m2) 
remper 
a ture ,  




















































































Specific heat a t  
:onstant pressure,  c 
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____ - 
Thermal  conductivity, k 
~ .- 
:al/(cm)(sec)( K) 
- .  .. _. 
0 . 5 7 ~ 1 0 - ~  
.74 





















he condensation of water from the combustion products. 
I/(cm)(sec)(K) 
. .  
2. 4x1K4 
3 .1  
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Figure 2. -Molecular weight of combustion produds of natural gas and a i r  at pressure of 3 atmospheres 13.04~10~ N/m2). 
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3800 4200 4600 
Temperature, T, "R 
Figure 3. - Viscosityof combustion products of natural gas and air at pressures of 3 and 10 atmospheres (3.04~10~ and 10. 13x105 N/m21. 
i : 
31x) 
. 2 :  
700 1100 
Temperature. T, K 
I I 1400 I 18W I- 2200 2603 3000 34M) 3800 4200 4600 
600 loo0 
Temperature, T, O R  
Figure 4. - Specific heat at constant pressure of combustion products of natural gas and air at pressure of 3 atmospheres (3.04~10~ N d ) .  
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Temperature, T, K 
I 1 1 1 l l 1 1 l l I  
600 1000 1400 1800 2200 2600 3wO 3400 3800 4200 4600 
Temoerature. T. "R 
Figure 5. - Thermal w n d u c t i v i t y o f  combustion products o f  na tu ra l  gas and a i r  at pressure o f 3  atmospheres 13.Mxld N d .  
28 
Temperature, T, K 
Temperature, T, OR 
Figure 6. - Pra dt l  number of combustion products of n a t u r a l  gas and a i r  a t  pressure of 3 atmospheres 
(3. 04x105 Nlm 9 ). 
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Figure 9. - Specific heat at constant pressure of combustion products of natural gas and air  at pressure of 10 atmospheres (10 .13~10~ N/m2) 
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Figure 11. - Prandtl  number of corribustion products of natura l  gas a n d  a i r  at pressure of I@ atmospheres (10.13~10~ N/m2). 
34 
Figure 12. -Adiabatic combustion temperatures of n a t u r a l  gas and of ASTM-A-I b u r n e d  in ai r .  
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Figure 13. - Ratio of specific heats of combustion products of ASTM-A-I and a i r  at pressure of 3 atmospheres (3. O4x1O5 N/m2). 
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Figure 17. -Thermal conductivity of combustion products of ASTM-A-I and a i r  at pressure of 3 atmospheres (3.04~16 N d I .  
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Figure 18. - Prandt l  number of combustion products of ASTM-A-1 and a i r  at pressure of 3 atmospheres (3.04~10~ Nlm'). 
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Figure 20. - hiolecular weight of combustion products of ASTM-A-I  and a i r  at pressure of 10 atmospheres (10.13~16 N/m21. 
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Figure 22 -Thermal conductivity of combustion products of ASTM-A-1 and air  at pressure of 10 atmospheres (10.13xld N/m2). 
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F igu re  24. -Comparison of experimental and  theoretical values for Prandt l  number  of air. 
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Figure 25. - Comparison of experimental and theoretical values of thermal  conductivi ty for air.  
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Figure 26. - Comparison of experimental and  t h m r e t i c a l  values of Prandt l  numbers  for combustion products of (CH2) type hydrocarbon 
and air a t  fuel-air  ratio of 0.068. 
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Figure 27. - Comparison of experimental and theoretical values of thermal conductivity for combustion 
products of (CH2) type hydrocarbon and a i r  at fuel-air ratio of 0.068. 
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